number (RON) of gasoline blend and provides better performance of combustion engines [1] . Gasoline can be adulterated by the illegal addition of ethanol, in proportions higher than those stated [2] .
In certain countries, gasoline cannot be supplied to consumers as is and the addition of ethanol with concentrations up to 25% v/v is required.
Several analytical techniques for the quantification of ethanol and other additives in gasoline are available in the literature, namely, Fourier Transform Infrared Spectroscopy [3] and Near Infrared Spectroscopy [4] , Gas Chromatography Mass Spectrometry (GC-MS) [5] , Nuclear Magnetic Resonance ( 1 H NMR) [6] and Flame Emission Spectroscopy (FES) in tandem with chemometrics [7] . Highresolution measurements centered on these techniques require expensive equipment and high purity chemicals. In addition, they are not suitable for real-time field measurement. Consequently, the development and implementation of alternative methodologies to quantify the concentration of ethanol in ethanol-gasoline mixtures is of paramount importance.
Optical fiber sensors based on long period fiber gratings (LPFGs) have been extensively studied in past years due to their advantages relatively to conventional devices, namely: the potential to be a sensor and a waveguide at the same time; the intrinsic immunity to electromagnetic radiation, small dimensions, low weight, flexibility, high melting temperature, low reactivity of silica (enabling measurement in harsh environments); or the multiplexing capabilities allowing spatially distributed points of measurement, long-distance transmission, possibility of real-time monitoring, high sensitivity and very high bandwidth [8] . They have been applied for sensing of strain, bending and temperature, for the detection of volatile organic compounds, monitoring foodstuff, as hybrid LPFG -microfluidic chip for glucose detection, and aptamerbased for thrombin detection, just to name a few recent results. Se for examples [9] [10] [11] and refeeences therein. However, LPFGs inscribed in hollow-core photonic bandgap fiber are insensitive to environmental refractive index variation [12] , which enable the realization of optical sensors immune to the variation of the surrounding refractive index (SRI) [13] .
LPFGs are produced by introducing a refractive index (RI) modulation in the fiber core with periods from 100 to 1000 μm and a length of a few centimeters [14] . In specific situations a phase matching condition between the fundamental core mode and a forward propagating cladding modes of an optical fiber 1558-1748 © 2017 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
exists. As a result several attenuation bands are generated in the transmission spectrum of the optical fiber [15] each one exhibiting high spectral dependence with the SRI. As the SRI changes from low RI to near the cladding refractive index (CRI), the principal effect is a shift of the attenuation bands to shorter wavelengths and a decrease of the absolute attenuation [8] . The sensitivity to the RI of the medium adjoining the grating region allows the use of LPFGs as sensing components in chemical and biochemical measurements [15] . It has been demonstrated [16] , that the highest wavelength shift and optical power shift sensitivity of the LPGFs occurs for SRI values slightly lower that the CRI [17] , [18] . However, the sensitivity of the LPFGs decay abruptly as the RI decreases below the CRI and they are insensitive to SRI higher than the CRI. This weakness can be solved by coating the basic LPFG with a material that has a RI higher than the CRI [19] . The spectral response changes according to the RI and the thickness of the coating [20] . The properties of LPFGs coated with Langmuir-Blodgett nanolayers [18] , [21] and with a titanium dioxide (TiO 2 ) thin film [22] were reported.
More recently, LPFGs coated with cuprous (Cu 2 O-cuprite) and cupric (CuO-tenorite) oxides were produced and characterized in a wide RI range [23] . An examination of the results shows that these LPFGs have increased sensitivity to the SRI in the RI range characteristic of gasoline.
In this work, LPFGs coated with a Cu 2 O thin film were employed to measure ethanol concentration in ethanol-gasoline mixtures with concentrations between 1.5 and 30% v/v with higher sensitivity than previously reported, using uncoated LPFGs [24] . In addition, the sensing scheme herein proposed aims the detection of lower ethanol concentrations taking advantage of the optical characteristics of the LPFGs coated with cuprous oxide.
This optical characterization allows estimating the concentration of ethanol in ethanol-gasoline samples avoiding the expensive gas chromatography techniques used to obtain the chemical constitution of the samples. Moreover, this optical technique gives the possibility of real-time measurement in flow configurations, which is not possible with the sampling based techniques. The commercial 95 RON gasoline and its mixtures with different concentrations of ethanol are here analyzed by gas chromatography providing the identification of the chemical profile of the gasoline and quantification of the ethanol concentration in several samples aiming to support the results obtained with the optical technique.
II. MATERIALS AND METHODS

A. Sensor Fabrication
The LPFGs sensors were produced by using the induced electric-arc technique following the method described in [22] . The RI modulation is accomplished through the formation of micro tapers by applying point-to-point short time electric discharges in 10 cm long section of uncoated single mode optical fiber (SMF28, Corning, Inc.). The number of micro tapers increases the attenuation of the transmitted rejecting bands to values above 26 dB at ∼1.45 μm corresponding to a sensor length of 40 ± 5 mm and matching the antisymmetric 6 th order cladding mode LP 1, 6 . This is a reliable technique and avoids sensitive and expensive equipment, however, there is a limitation related with the minimum size of the electric arc created around the fiber and it is known that the sensitivity is higher for higher order modes obtained, for example, by lowering the period of the gratings.
Following the methodology described in [23] , a Cu thin film of was deposited around the LPFG by means of an electron beam evaporator Auto 306 (Edwards Ltd, U.K.) fitted with a rotary system located inside the vacuum chamber. The thickness of the Cu thin film was measured by a FTM5 thickness monitor (Edwards Ltd., U.K.) with a resolution of 0.1 nm. The real thickness of Cu around the cylindrical fiber was calculated after a calibration which consisted on measuring the thickness of a set of static and rotating planar substrates using the thickness monitor and a DektakXT surface profiler (Bruker Co., U.S.A.). A thin layer of Cr (3 nm) was previously deposited around the fiber to improve the adhesion of the 30 nm thick Cu thin film. The metallic coated LPFG was then placed in the central region of a tubular furnace (Termolab, Portugal) allowing the oxidation of the Cu thin film with a controlled temperature. It was accomplished in an air atmosphere at 225°C for 2 hours in order to obtain cuprous oxide (Cu 2 O) around the LPFG [23] . After the cooling process down to the room temperature, the thin film maintains the same stable oxidation phase. It must be indicated that according to published results [23] , there is no degradation of the optical characteristics of the LPFG when annealing at temperature up to ∼600°C.
B. Sample Preparation
Gasoline samples were collected in proper containers, transported in non-volatilization conditions, and analyzed immediately upon arrival. Samples of ethanol-gasoline were prepared with different concentrations of ethanol (individual total volume of 25 mL), from 0% (pure gasoline) to 30% v/v in 3% v/v steps plus 1.5% v/v and mixed using a vortex mixer (model ZX3, Neu-TEC Group Inc, USA) to ensure total homogenization. Afterwards, all samples were stored in hermetic glass vials at −77 ± 3°C. Each sample was characterized through optical and GC-TCD techniques in the shortest time possible.
C. Experimental Setup
The optical measurement setup is shown in Fig. 1 (a) . A homemade flow cell made of Poly (methyl methacrylate) (PMMA) with two identical channels and six openings is observed, four of them are used to feed with fibers containing sensors and the other two to fill and drain the liquid samples. Besides the LPFG sensor (Probe 1) placed in one of the channels, an FBG sensor (Probe 2), placed in the second channel, was used for temperature monitoring aiming the selfcompensation.
A super luminescent diode (SLD, Benchtop SLD -Thorlabs, Germany) was coupled to the fiber and the LPFG transmission spectrum was measured with an optical spectrum analyzer (OSA, ANDO, model AQ 6315B) using the setup illustrated in Fig. 1 (b) . The spectra, from 1360 to 1460 nm, were acquired manually and each spectrum is the result of two averaged measurements with a resolution of 0.1 nm, taking ∼30 s to be recorded. Five consecutive measurements were performed while the sample was flowing through the cell.
The measurements were carried out by introducing each one of the ethanol-gasoline samples into the flow cell, in increasing order of ethanol concentration, and performing five consecutive measurements of the LPFG transmission spectrum. After each measurement, the flow cell was flushed with ethanol (Merk Millipore, Germany) and dried with filtered air to avoid contamination to the next sample. Then the spectrum of the sensor was monitored to ensure that the resonance dip has returned to its original spectral position.
The spectra of the FBG were measured using a computer controlled unit specifically designed to interrogate FBGs (BraggMeter FS2200 SA, HBM FiberSensing, Porto, Portugal), with a resolution of 1 pm from 1500 to 1600 nm. The FBG was written in hydrogen loaded standard singlemode telecommunication fiber (SMF28, Corning Inc.) using the phase mask technique with specific characteristics to have a wavelength peak position at 1539.91 nm at room temperature.
Prior to the characterization of the ethanol-gasoline samples using the Cu 2 O:LPFG sensor, their RI was measured at room temperature (20±1°C) using an Abbe refractometer (A. Kruss, Optronic, Germany) with a resolution of 0.00025 at 589.3 nm.
D. Gas Chromatography-Mass Spectrometry and Gas Chromatography-Thermal Conductivity Detection Analysis
Analysis of fuel or other volatile samples might present itself as an intricate issue, even more when residue or debris analysis are present [25] , [26] . In the present study, to collect the maximum data possible, two chromatographical techniques were used. A GC-MS equipment was a choice for unequivocal identification of the chemical profile as its usefulness has been previously demonstrated [27] [28] [29] [30] [31] whereas a universal detector, a GC-TCD, was used for quantification of ethanol in ethanol-gasoline samples.
Chromatographic analysis of pure 95 RON gasoline was carried out by GC-MS using a Thermo Scientific™ TRACE™1300 Gas Chromatograph coupled to a ISQ™ Series Single Quadrupole ms (Thermo Fisher Scientific Inc., USA). Analyte separation was performed with a Thermo Scientific TG-5 MS column (60 m × 0.25 mm × 0.25 μm). The oven temperature program was as follows: initial temperature of 40°C held for 5 minutes, increasing to 100°C at a rate of 5.00°C/min and held for 1 minute, followed by an increase to 280°C at a rate of 10.00°C/min and held for 5 minutes. Samples were prepared prior to analysis using n-Hexane (Merck) in 1.0% (v/v) concentration, except when noted, and the volume injected was 1.0 μL using an auto sampler. The injector was set to split mode (1:200), operating at 250°C and 165 kPa. The mass spectrometer transfer line and ion source temperatures were set to 280°C and 250°C, respectively, with the last operating under electron impact mode (70 eV, mass scan range 30-400 amu).
Analysis of samples with different ethanol concentrations was performed on a GC-TCD Shimadzu™GC-2010 Plus (Shimadzu Corporation, Japan), without dilution. Separation of analytes was performed with a Zebron ZB-5 column (30 m × 0.25 mm×0.25 μm) using a similar oven temperature program and injection/injector parameters except for carrier gas flow which was set to 82.5 kPa. The detector temperature and current was programmed to 300°C and 75 mA, respectively, with a make-up flow of 5.0 mL/min. All analytical separations were performed using helium 99.999% as carrier gas.
Identification of analytes was performed by comparison of the Kovats and Linear Retention Indices, using NIST/EPA/NIH Mass Spectral Library (2011) and by comparison of authentic standards. Quantification of ethanol on samples, as well as select hydrocarbon compounds, was performed by external standard calibration curve procedure. Calibration curves for each compound to be quantified were obtained by injecting different concentrations. Identification of the chemical profile of the commercially available gasoline was performed using database and/or authentic standards comparison.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Chromatographic Analysis 1) Gas Chromatography-Mass Spectrometry Analysis of
Pure Gasoline: For identification purposes, pure gasoline was analyzed by GC-MS. Full total ion chromatogram (TIC) data was obtained and allowed 178 compounds to be identified. After applying outlier limits (<0.10%; value usability ≥0.10%), 80 different compounds were considered and are referenced on Table I. A raw data TIC of gasoline is displayed in Fig. 2 where are noticeable three different compound distribution ranges. In red, range I is mainly characterized by a high variability of low boiling point (Bp) compounds (e.g. pentane-and hexanederived family compounds) in a wide range of concentrations. In yellow, range II has a few predominant medium Bp signals (e.g. C 8 -C 10 derivatives and aromatic hydrocarbon-based compounds) whereas range III, in green, has a high variety in higher Bp compounds but in lower concentrations (C 10 -C 13 derivatives as well as multi-substituted benzene compounds). These three ranges emulate a carbon-based distribution system that somehow reflects the crude oil refinement process. Of these 80 different compounds above 0.10% outlier limits, 50% are in range I, 28% are within range II and range III comprises the remaining 23%. As a result of using sample dilution in hexane on GC-MS data acquisition, the initial chromatographic signals were disregarded, in order to prevent a high solvent fraction to reach the filament and detector. This explains the lack of certain compound signals, expected to be present in gasoline (hexane or ethanol, for example).
2) Gas Chromatography-Thermal Conductivity Detection Analysis of Ethanol-Gasoline Mixtures:
In order to properly analyze the ethanol-gasoline samples, a calibration curve was performed for five select reference compounds, ethanol and C 7 to C 10 alkanes, illustrated on Fig. 3 up to 5.0% v/v where the insert presents detailed data for retention time between 2 and 4 minutes, corresponding to the ethanol signal, in both gasoline and in ethanol-gasoline samples.
The different reference mixtures were prepared in sub-room temperatures (T < 5°C) in order to minimize operational errors, prior to analysis. Quantification of ethanol and C 7 -C 10 alkanes in samples, afforded the results presented on Table II . Difference between nominal and measured ethanol concentrations is illustrated in Fig. 4 for the ethanol-gasoline samples used in the optical measurements.
B. Refractive Index Characterization
The wavelength shift normalized to the initial RI state (n=1) as a function of the SRI, from 1.300 to 1.510, was reported in [23] for the LP 1,6 mode for a bare LPFG and for a LPFG coated with 30 nm of Cu 2 O. For RI values from 1.400 to 1.420, characteristic of the ethanol-gasoline mixtures, the bare LPFG presents average sensitivity of only ∼212 nm/RIU, while the Cu 2 O coated LPFG has an average sensitivity of ∼1200 nm/RIU. On the other hand, for SRI higher than the CRI the bare LPFG presents virtually no wavelength shift sensitivity whereas the coated LPFG presents a high sensitivity. For instance, in the 1.440-1.460 RI range, characteristic of biodiesel and diesel fuels, the measured average sensitivity is about ∼3185 nm/RIU.
The RI of the pure gasoline was measured and the value 1.42175 ± 0.00025 was obtained. When the ethanol concentration increases (whose RI is 1.36100), the RI of the mixture diminishes, as illustrated in Fig. 5 , and from a linear fit to the data, a rate of 0.00062 ± 0.00001 RIU/ %v/v was determined with a correlation coefficient (R 2 ) of 0.995. It is possible to infer that the concentration of ethanol in the ethanol-gasoline mixture can be monitored by measuring the RI of the solution and crossing this data with the specific spectral characteristics of the LPFG resonance band.
C. Spectral Analysis
The spectral behavior of the LP 1, 6 band characteristic of the coated LPFG placed into the flow cell is shown in Fig. 6 , for increasing ethanol concentration from 0 to 30% v/v. It is also shown the LPFG spectra taken with air and with pure ethanol as external medium. A fast Fourier transform (FFT) smoothing filter with 3 points was applied to the spectral data in order to reduce the noise effect that comes mostly from the low power optical level. As the corresponding RI decreases, the LP 1, 6 band exhibits a redshift and the attenuation increases.
In order to determine the wavelength and optical power at the minimum of the LPFG attenuation band, care must be taken because they are not fully symmetric. However, the lower part of the bands is with reasonable precision a symmetric curve. To perform the analysis the minimum optical power of the band was estimated and then considering only the points 40% above this minimum, a Gaussian function was fitted and all the parameters were extracted, such as the wavelength position and the minimum optical power. The spectral region away from the attenuation band is used as a reference to the optical power level.
The normalized wavelength shift and normalized optical power shift of the attenuation band is shown in Fig. 7 as a function of either the ethanol concentration or the resulting RI of the mixture. For ethanol concentration up to 30% v/v the sensitivity of 0.76±0.01 nm/ %v/v and 0.125±0.003 dB/ %v/v were determined.
The temperature around the flow cell was measured by a digital thermocouple (Model DVM1322, Velleman, Belgium) and found to increase 3.5°C during the measurements. In addition, the temperature of the mixtures was measured at the same time inside the flow cell using one FBG (Probe 2) and a smaller increase of 1.5 C was found during the measurements which is corresponds to a more reliable measurement. Besides the good sensitivity to the SRI the LPFGs are also sensitive to temperature [32] which doesn't happen with the well-known FBGs which are RI insensitive. The temperature sensitivity of the LPFG attenuation band was measured between 20 and 200°C considering both modes of operation, wavelength shift and attenuation shift. From a linear fit, sensitivities of 0.11 nm/°C and of 0.008 dB/°C were calculated. Therefore, in the present set of measurements, for a temperature increase of 1.5°C, the highest expected error in the determination of the wavelength and the optical power of the LP 1, 6 dip is about 0.16 nm and 0.012 dB, respectively. It must be noticed that, given the knowledge of the sensor's sensitivity, any temperature fluctuation during measurement can be compensated. To check the stability and repeatability of the process, the same sample solutions were used to obtain several acquisitions, confirming the effectiveness of this sensing structure. The spectral resolution, R, can be estimated considering the values obtained from two measurement linked with two different values of the external RI, obtained from the following expression [33] :
where the δn is the RI difference, S R I is the sensitivity to RI variations, δλ is the difference in the wavelength resonant dip and σ is the noise induced highest standard deviation associated with the sensor output variation associated to a step variation of the external RI. Figure 8 shows data concerning two of these steps (δn 1 = 0.00523, δn 1 = 0.01200), from which a spectral resolution better than 0.21%v/v (or 1.3×10 −4 ) was calculated. The same procedure can be a applied to Fig. 9 . The resolution of the optical power shift mode is:
where δ P is the difference in the output power. From the two steps, shown in Fig. 9 , a resolution of 0.73%v/v (or 5.1×10 −4 RIU) was estimated.
IV. CONCLUSIONS
Optical fiber sensors based on FBGs and LPGFs already demonstrated their applicability to harsh environments. In system where volatile organic compounds are likely to give rise to explosive atmospheres, optical fiber sensors can play an important role.
Liquid hydrocarbon products, in general, and bio-gasoline, in particular must be monitored using adequate sensors. In was reported an optical sensing scheme based on a combination of an FBG with an LPFG coated with cuprous oxide (Cu 2 O) for monitoring the ethanol concentration in ethanol-gasoline mixtures. A linear relation between the ethanol concentration and the wavelength shift and optical power shift was established, for concentration up to 30%v/v. In this range of concentration, the sensitivities are 0.76 nm/ %v/v and 0.125 dB/ %v/v, for the wavelength and for the optical power mode of operation, respectively. The limits of detection of 1.63 and 2.1%v/v can be reduced by proper design of the experiment.
Complex and expensive technique analysis such as gas chromatography were also used to validate the optical results. It was important to perform the chemical analysis and the quantification of the concentration of ethanol in the same samples to confirm the veracity of the optical results.
It was verified that the optical characterization allows to estimate the concentration of ethanol in ethanol-gasoline samples avoiding the expensive techniques used to obtain the chemical constitution of the samples. Moreover, this optical setup gives the possibility of real-time measurement in flow configurations, which is not possible with the sampling based techniques.
The commercial 95 RON gasoline and its mixtures with different concentrations of ethanol are here analyzed by gas chromatography providing the identification of the chemical profile of the gasoline and quantification of the ethanol concentration in samples, aiming to support the results obtained with the optical setup.
